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57 ABSTRACT

A moving robot and a method to build a map for the same,
wherein a 3D map for an ambient environment of the moving
robot may be built using a Time of Flight (TOF) camera that
may acquire 3D distance information in real time. The
method acquires 3D distance information of an object present
in a path along which the moving robot moves, accumulates
the acquired 3D distance information to construct a map of'a
specific level and stores the map in a database, and then
hierarchically matches maps stored in the database to build a
3D map for a set space. This method may quickly and accu-
rately build a 3D map for an ambient environment of the
moving robot.
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MOVING ROBOT AND METHOD TO BUILD
MAP FOR THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims the benefit of Korean Patent Appli-
cation No. 2010-0097953, filed on Oct. 7, 2010 in the Korean
Intellectual Property Office, the disclosure of which is incor-
porated herein by reference.

BACKGROUND

1. Field

Embodiments relate to a moving robot and a method to
build a map for the same, wherein a 3D map for an ambient
environment ofthe moving robot may be built using a Time of
Flight (TOF) camera that may acquire 3D distance informa-
tion in real time.

2. Description of the Related Art

Moving robots are used in various fields due to the devel-
opment of sensors and controllers. Typical examples include
a household assistant robot, a service robot for public facili-
ties, and a conveyance robot and a worker assistant robot used
in production lines. Demand for moving robots and the field
of application of moving robots are expected to significantly
increase in the future. To locate (or localize) the moving robot
and to create information of an ambient environment of the
moving robot without prior information about the ambient
environment, the moving robot needs to simultaneously per-
form localization and map building processes in an associated
manner. This scheme is referred to as “Simultaneous Local-
ization And Map-building (SLAM)”.

To perform map building, the moving robot should acquire
information about the ambient environment. The moving
robot may use a Time of Flight (TOF) camera to acquire
information about the ambient environment. The TOF camera
is a device that acquires 3D distance information using a TOF
method which measures the time that it takes for infrared light
emitted from a light emitting unit to return to a light receiving
unit after being reflected from an object. The TOF camera
may acquire 3D distance information in real time since it may
calculate 3D distance information from an infrared intensity
image without complex calculation processes.

Occupancy voxel map building has been used as a method
to build a map of an ambient environment of a moving robot
using the TOF camera. The occupancy voxel map building
method divides the ambient environment of the moving robot
into small 3D voxels and fills voxels corresponding to 3D
distance information acquired by the TOF camera in accor-
dance with current position information of the moving robot.
That is, the possibility of presence of an object in each voxel
in a 3D space is probabilistically written to the voxel to build
a 3D voxel map. However, according to the occupancy voxel
map building method, the accuracy of the built map decreases
as the travel distance of the moving robot increases or as the
size of a space within which the moving robot moves (i.e., a
space to be mapped) increases since the accuracy of informa-
tion registered in each voxel decreases as errors in location
information of the moving robot increase.

An Tterative Closest Point (ICP) algorithm has been sug-
gested to overcome such problems of the occupancy voxel
map building method. The ICP algorithm uses a method to
minimize the sum of distances between two sampled 3D point
cloud data A and B as shown in FIG. 1. The ICP algorithm
may calculate a 3D rigid body transformation (a translation or
rotation transformation) which minimizes the sum of dis-
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tances between the two 3D point cloud data A and B. The ICP
algorithm may improve the accuracy of the built 3D map
compared to the occupancy voxel map building method since
the ICP algorithm can relatively correctly match two 3D point
cloud data using the calculated 3D rigid body transformation
even when the location information of the moving robot is
incorrect.

A sequential map building method using a conventional
ICP algorithm includes sequential matching processes
(@% %@), each including sequentially accumulating a
plurality of 3D point cloud data as the moving robot moves,
locating points corresponding to the 3D point cloud data and
matching the plurality of 3D point cloud data as shown in
FIG. 2. Specifically, the sequential map building method per-
forms map building for an ambient environment of the mov-
ing robot by sequentially performing a matching process
“(1)” to match two sequentially accumulated 3D point cloud
data (a) and (b) to build a new map, a matching process “(2)”
to match the new map built through the matching process
“@” and subsequently accumulated 3D point cloud data (¢)
to build a new map, and a matching process “@” to matchthe
new map built through the matching process “@” and sub-
sequently accumulated 3D point cloud data (d) to build a new
map. That is, the sequential map building method performs
the matching processes in the order of ®—>

However, in this sequential map building method, as the
travel distance of the moving robot increases or as the size of
the space to be modeled increases, a search space within
which correlations between two 3D point cloud data are
determined increases, thereby increasing calculation time. In
addition, the sequential map building method has a relatively
high possibility of incorrectly determining correlations
between two 3D point cloud data having different size levels
which are compared with each other and also has no solution
to errors accumulated as the travel distance increases, thereby
reducing the accuracy of the built map.

Moreover, since the map building method using the con-
ventional ICP algorithm is a type of optimization technique
which finds a rigid body transformation relation which mini-
mizes the sum of distances between two 3D point cloud data,
the map building method provides transformation results hav-
ing significant errors if the solution converges to local
minima.

— 3

SUMMARY

Therefore, it is an aspect of an embodiment to provide a
moving robot and a method to build a map for the same,
wherein a 3D map for an ambient environment of the moving
robot may be built using a Time of Flight (TOF) camera that
may acquire 3D distance information in real time.

Additional aspects of embodiments will be set forth in part
in the description which follows and, in part, will be obvious
from the description, or may be learned by practice of the
embodiments.

In accordance with an aspect of an embodiment, a method
to build a map for a moving robot includes acquiring 3D
distance information of an object present in a path along
which the moving robot moves, accumulating the acquired
3D distance information to construct a map of a specific size
level and storing the maps in a database, and hierarchically
matching, by a computer, the maps stored in the database to
build a 3D map for a set space.

Accumulating the acquired 3D distance information may
include accumulating the 3D distance information based on a
coordinate system of a movement start point of the moving
robot while the moving robot travels a preset distance, or



US 9,110,472 B2

3

while the moving robot travels over a preset area, or during a
preset time when the moving robot travels at a constant speed.

Hierarchically matching the maps to build the 3D map for
the set space may include determining whether or not two
maps of equal size level are present in the database, matching,
upon determining that two maps of equal size level are present
in the database, the two maps using an Iterative Closest Point
(ICP) algorithm to build a new map of an increased size level,
and storing the new map in the database.

The method may further include determining whether or
not two or more maps are present in the database upon
completion of traveling of the moving robot for the set space,
and matching, upon determining that two or more maps are
present in the database, said two or more maps using the ICP
algorithm in an order in which said two or more maps have
been generated to build a final map for the set space.

In accordance with another aspect of an embodiment, a
method to build a map for a moving robot includes localizing
the moving robot, acquiring 3D distance information of an
object present in a path along which the moving robot moves,
accumulating the acquired 3D distance information to con-
struct maps of a specific level and storing the map, together
with a result of the localization of the moving robot, in a
database, determining whether or not two maps of equal size
level are present in the database, and upon determining that
two maps of equal size level are present in the database,
executing, by a computer, an Iterative Closest Point (ICP)
algorithm on said two maps, calculating, by a computer, new
rigid body transformation information by combining a result
of the localization of the moving robot and a result of the
execution of the ICP algorithm, and matching, by a computer,
said two maps using the calculated new rigid body transfor-
mation information to build a new map of an increased level
to build a 3D map for a set space.

The method may further include storing the new map in the
database.

Localization of the moving robot may be performed using
Extended Kalman Filter (EKF)-based Simultaneous Local-
ization And Map-building (SLAM).

Accumulating the acquired 3D distance information may
include accumulating the 3D distance information based on a
coordinate system of a movement start point of the moving
robot while the moving robot travels a preset distance, or
while the moving robot travels over a preset area, or during a
preset time when the moving robot travels at a constant speed.

The method may further include determining whether or
not two or more maps are present in the database upon
completion of traveling of the moving robot for the set space,
and matching, upon determining that two or more maps are
present in the database, said two or more maps using the ICP
algorithm in an order in which said two or more maps have
been generated to build a final map for the set space.

In accordance with another aspect of an embodiment, a
moving robot includes a 3D distance information acquirer to
acquire 3D distance information of an object present in a path
along which the moving robot moves, and a controller to
accumulate the acquired 3D distance information to construct
maps of a specific level and to store the maps in a database and
thento hierarchically match the maps stored in the database to
build a 3D map for a set space.

The 3D distance information acquirer may be a Time of
Flight (TOF) camera.

The controller may accumulate the 3D distance informa-
tion based on a coordinate system of a movement start point
of the moving robot while the moving robot travels a preset
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distance, or while the moving robot travels over a preset area,
or during a preset time when the moving robot travels at a
constant speed.

The controller may determine whether or not two maps of
equal size level are present in the database, match, upon
determining that two maps of equal size level are present in
the database, the two maps using an Iterative Closest Point
(ICP) algorithm to build a new map of an increased level, and
store the new map in the database.

The controller may determine whether or not two or more
maps are present in the database upon completion of traveling
of'the moving robot for the set space, and match, upon deter-
mining that two or more maps are present in the database, the
two or more maps using the ICP algorithm in an order in
which the two or more maps have been generated to build a
final map for the set space.

BRIEF DESCRIPTION OF THE DRAWINGS

These and/or other aspects of embodiments will become
apparent and more readily appreciated from the following
description of embodiments, taken in conjunction with the
accompanying drawings of which:

FIG. 1 illustrates the concept of an ICP algorithm;

FIG. 21is aconceptual diagram illustrating a sequential map
building method using a conventional ICP algorithm;

FIG. 3 illustrates an exterior of a moving robot according to
an embodiment;

FIG. 4 is a control block diagram of a moving robot accord-
ing to an embodiment;

FIG. 5 illustrates a hierarchical map building method using
an ICP algorithm that is applied to embodiments;

FIG. 6 illustrates an exemplary binary tree representing a
matching structure of a plurality of acquired 3D point cloud
data in a hierarchical map building method using an ICP
algorithm that is applied to embodiments;

FIG. 7 is a flow chart illustrating a method to build a map
for a moving robot according to an embodiment;

FIGS. 8A to 8C illustrate a procedure in which a method to
build a map for a moving robot according to an embodiment
is applied when 3D point cloud data of level 1 is acquired a
total of four times while the moving robot travels;

FIG. 9 illustrates a procedure in which a method to build a
map for a moving robot according to an embodiment is
applied when 3D point cloud data of level 1 is acquired a total
of seven times while the moving robot travels; and

FIG. 10 is a flow chart illustrating a method to build a map
for a moving robot according to another embodiment.

DETAILED DESCRIPTION

Reference will now be made in detail to embodiments,
examples of which are illustrated in the accompanying draw-
ings, wherein like reference numerals refer to like elements
throughout.

FIG. 3 illustrates an exterior of a moving robot according to
an embodiment.

As shown in FIG. 3, the moving robot 10 according to an
embodiment is a bipedal robot which includes two legs 11, an
upper body 12, two arms 13, and a head 14 and automatically
walks using the two legs 11, similar to humans.

Although embodiments are described with reference to a
bipedal robot as an example, the embodiments may be
applied to various other types of moving robots such as a
household cleaning robot, a service robot for public facilities,
and a conveyance robot and a worker assistant robot used in
production lines.
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FIG. 41s a control block diagram of a moving robot accord-
ing to an embodiment.

As shown in FIG. 4, the moving robot 10 according to an
embodiment includes a 3D distance information acquirer 20,
a storage unit 30, a controller 40, and a driver 50 in addition
to the components shown in FIG. 3.

The 3D distance information acquirer 20 is 3D measure-
ment equipment that acquires 3D distance information of
obstacles (or objects) present in a travel path from 3D images
that are obtained at regular intervals while traveling in an
ambient environment in which the obstacles (or objects) are
present. Due to development of technologies for the 3D mea-
surement equipment, the 3D distance information acquirer 20
may easily obtain 3D distance information of various objects
located in a path along which the moving robot 10 travels. A
Time of Flight (TOF) camera may be used as the 3D distance
information acquirer 20. Of course, any other device such as
a laser distance sensor or an ultrasonic sensor may be used as
the 3D distance information acquirer 20, provided that the
device may acquire 3D distance information of objects
located in a path along which the moving robot 10 travels.

The TOF camera acquires 3D distance information using a
Time of Flight method which measures the time required for
an infrared beam emitted from a light emitting unit to return
to a light receiving unit after being reflected from an object.
The TOF camera may acquire 3D distance information in real
time since the TOF camera may calculate 3D distance infor-
mation from an infrared intensity image without additional
complex calculation processes.

The storage unit 30 is a memory to store a database 30a.
The database 30a stores a binary tree representing a matching
structure of maps (3D point cloud data) built through accu-
mulation of 3D distance information acquired through the 3D
distance information acquirer 20. 3D point cloud data consti-
tuting each map, the size level of each map, and results of
localization of the moving robot 10 calculated through the
controller 40 are stored in the database 30a.

The controller 40 accumulates 3D distance information
acquired from the 3D distance information acquirer 20 to
construct a map of a specific size level (for example, level 1),
stores the map in the database 30a of the storage unit 30, and
hierarchically matches maps stored in the database to build a
3D map for a set space (i.e., a space to be mapped). Here, in
the hierarchical matching method, a matching process is per-
formed only when two sequential maps having the same size
level are present in the database 30a. This matching process is
iteratively performed until two maps (i.e., 3D point cloud
data) having the same size level are not present in the database
30a. The matching process is iteratively performed to match
maps stored in the database 30a to construct a map of a higher
size level while sequentially increasing the size level of the
constructed map to build a map for the set space.

The controller 40 constructs a map of a specific size level
(for example, level 1) by accumulating 3D distance informa-
tion input from the 3D distance information acquirer 20 based
on the coordinate system of a movement start point, at which
the moving robot 10 has started moving, while the moving
robot 10 travels a preset distance, or while the moving robot
10 travels over a preset area, or during a preset time in the case
where the moving robot 10 travels at a constant speed. The
controller 40 then stores the constructed map in the database
30a.

The controller 40 calculates new rigid body transformation
information by combining the result of execution of the ICP
algorithm during the procedure, in which maps (3D point
cloud data) are matched according to the hierarchical match-
ing method, with the result of localization (or location) of the
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moving robot 10 and matches maps stored in the database 30a
using the calculated new rigid body transformation informa-
tion to build a 3D map for the set space. Here, localization of
the moving robot 10 is performed using an Extended Kalman
Filter (EKF)-based Simultaneous Localization And Map-
building (SLAM) technique.

The controller 40 includes an internal memory (not
shown). The internal memory (not shown) of the controller 40
stores a preset distance, a preset area, a preset time, or the like
corresponding to a reference range over which 3D distance
information input from the 3D distance information acquirer
20 is accumulated to construct a map (3D point cloud data) of
level 1. The controller 40 may include a timer (not shown) to
measure a travel time of the moving robot 10 to determine
whether or not the moving robot has moved over the reference
range in which 3D distance information input from the 3D
distance information acquirer 20 is accumulated to construct
amap (3D point cloud data) of level 1.

The driver 50 drives (i.e., “controls”) the moving robot 10
based on the 3D map information created by the controller 40
to allow the moving robot 10 to move by itself along a travel
path without collision with obstacles. A hierarchical map
building method using an ICP algorithm that is applied to
embodiments is described below with reference to FIGS. 5
and 6.

In the hierarchical map building method using the ICP
algorithm that is applied to embodiments, an ICP matching
process is performed only for two sequential maps (3D point
cloud data) having the same size level, unlike a sequential
map building method using a conventional ICP algorithm.
Specifically, ICP matching processes are performed to build
maps of the ambient environment of the moving robot 10 in
the order @%@%@ as shown in FIG. 5 such that, first,
two maps (a) and (b) having the same size level (for example,
level 1) are matched to build a new map of level 2 (matching
process @) and then two maps (c¢) and (d) of level 1 acquired
thereafter are matched to build anew map oflevel 2 (matching
process @) and then the two new built maps of level 2 are
matched to build a new map of level 4 (matching process @)
Structures of maps (3D point cloud data) constructed by
accumulating 3D distance information and structures of maps
acquired through ICP matching processes are stored in a
binary tree format in the database 30a of the storage unit 30.
For example, in the case where 3D point cloud data of level 1
has been acquired 8 times, maps are stored in binary tree
format in the database 30a as shown in FIG. 6. Here, matching
processes between maps are performed in the order of

— —

As described above, in the hierarchical map building
method using the ICP algorithm applied to embodiments, a
matching process is performed only when two sequential
maps having the same size level are present in the database
30qa. This matching process is iteratively performed until two
maps (i.e., 3D point cloud data) having the same size level are
not present in the database 30a. The matching process is
iteratively performed to match maps stored in the database
30a to construct a map of a higher size level while sequen-
tially increasing the size level of the constructed map to build
a map for the set space.

In the hierarchical map building method using the ICP
algorithm applied to embodiments, it may be possible to
extend the size of the map by constructing a map of high size
level through combination of maps of low size level. To
accomplish this, if a size level of newly input 3D point cloud
datais lower than a size level of a previously constructed map,
the newly input 3D point cloud data is combined with next
newly input 3D point cloud data and the combined data is

—(4 )—=(5)—=(6)—
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stored in the database 30a and a corresponding matching
process is delayed until the size level of the data is increased
to the size level of the previously constructed map.

Such a binary-tree-based data processing method may
reduce the processing time (calculation time) required to find
correlations between a plurality of 3D point cloud data, com-
pared to the sequential data processing method. In addition,
since the binary-tree-based data processing method finds a
transformation relation between two 3D point cloud data
having the same size level, the method may also reduce the
possibility of finding incorrect correlations, thereby reducing
matching errors when a map is built.

An ICP algorithm used to match two 3D point cloud data in
embodiments uses an optimization scheme which performs
processes to correlate the nearest points of two 3D point cloud
data (represented by “p” and “q”) acquired through the 3D
distance information acquirer 20 one-to-one with each other
and to find a rigid body transformation, which minimizes the
sum of the distances between the nearest points of the two 3D
point cloud data p and q, and repeats the same processes after
applying the rigid body transformation to the 3D point cloud
data q. Here, the sum G(R,t) of the distances between 3D
point cloud data q and the 3D point cloud data p calculated
through the rigid body transformation, which is expressed by
Equation 1, is used as a reference (criterion) for the optimi-
zation procedure. Finally, a rigid body transformation rela-
tion (Equation 2) which minimizes the distance sum G(R,t)
expressed in Equation 1 is used to perform matching.

G(R, D= Y IIRp; +1- il [Equation 1]

(R',7’)= argmin [Equation 2]

RER3,3,1€ 3

G(R, 1),

where “R” is a rotation transformation matrix calculated by
executing the ICP algorithm and “t” is a translation transfor-
mation matrix calculated by executing the ICP algorithm.

The rotation transformation matrix “R” and the translation
transformation matrix “t” found to minimize the sum G(R,t)
of'the distances between the two 3D point cloud datap and q
are used to match the two 3D point cloud data to construct a
map.

A method to build a map for amoving robot according to an
embodiment is described below with reference to FIG. 7.

Before description of this embodiment, first, it is assumed
that a preset distance, a preset area, a preset time, or the like
corresponding to a reference range, over which 3D distance
information input from the 3D distance information acquirer
20 is accumulated to construct a map (3D point cloud data) of
level 1, is stored in the internal memory (not shown) of the
controller 40. It is also assumed that the controller 40 includes
a timer (not shown) to measure a travel time of the moving
robot 10 to determine whether or not the moving robot has
moved over the reference range in which 3D distance infor-
mation input from the 3D distance information acquirer 20 is
accumulated to construct a map (3D point cloud data) of level
1.

When the moving robot 10 starts traveling, the controller
40 receives 3D distance information from the 3D distance
information acquirer 20 (105). Thereafter, the controller 40
constructs a map (3D point cloud data) of level 1 by accumu-
lating 3D distance information input from the 3D distance
information acquirer 20 based on the coordinate system of the
movement start point of the moving robot 10 while the mov-
ing robot 10 travels a preset distance (@), or while the
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moving robot 10 travels over a preset area in the set space
(@), or during a preset time in the case where the moving
robot 10 travels at a constant speed (@) The controller 40
then stores the constructed map in the database 30a (110).
Here, the movement start point indicates the location of the
moving robot 10 when the moving robot 10 starts moving
over the reference range (such as a preset distance) to con-
struct a map (3D point cloud data) of level 1. 3D point cloud
data required to construct a map and the size level of the map
are stored together in the database 30a.

The controller 40 then determines whether or not two maps
of the same size level are present in the database 30a of the
storage unit 30 (115).

Upon determining that two maps of the same size level are
not present in the database 30a of the storage unit 30 (“NO”
in operation 115), specifically, upon determining that only
one map of the same level size is present in the database 30a,
the controller 40 proceeds to operation 130 to determine
whether or not the moving robot 10 has completed traveling
of'the set space (i.e., the space to be mapped).

On the other hand, upon determining that two maps of the
same size level are present in the database 30a of the storage
unit 30 (“YES” in operation 115), the controller 40 matches
the two maps having the same size level to build a new map of
an increased size level using the ICP algorithm (120) and
stores the new map in the database 30a (125).

The controller 40 then determines whether or not the mov-
ing robot 10 has completed traveling of the set space (130).
Here, the user may determine whether or not the moving
robot 10 has completed traveling of the set space and provide
the determination result to the controller 40 through an input
unit (not shown) and the moving robot 10 itself may also
determine whether or not the moving robot 10 has completed
traveling of the set space.

Upon determining that the moving robot 10 has not com-
pleted traveling of the set space (“NO” in operation 130), the
controller 40 returns to operation 115 to continue to receive
3D distance information of the set space from the 3D distance
information acquirer 20 until two maps of the same level are
present in the database 30a and to construct a map of level 1
and then to store the map in the database 30a.

On the other hand, upon determining that the moving robot
10 has completed traveling of the set space (“YES” in opera-
tion 130), the controller 40 determines whether or not two or
more maps are present in the database 30q of the storage unit
30 (135).

Upon determining that two or more maps are not present in
the database 30a (“NO” in operation 135), specifically, upon
determining that only one map is present in the database 30a,
the controller 40 determines that map building for the set
space through the hierarchical map building method has been
completed and that only one final map is present in the data-
base 30a and then terminates the map building procedure.

Upon determining that two or more maps are present in the
database 30a (“YES” in operation 135), map building for the
set space through the hierarchical map building method has
not been completed and builds a final map for the set space by
sequentially matching the maps in the order, in which the
maps are generated, using the ICP algorithm (140). Specifi-
cally, the controller 40 sequentially matches maps stored in
the database 30a in the order in which the maps are generated
through the sequential map building method to build a final
map for the set space.

The controller 40 then stores the final map for the set space
in the database 30a of the storage unit 30 (145) and then
terminates the map building procedure.
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FIGS. 8A to 8C illustrate a procedure in which a method to
build a map for a moving robot according to an embodiment
applied when 3D point cloud data of level 1 is acquired a total
of four times while the moving robot travels.

As shown in FIGS. 8 A to 8C, the controller 40 accumulates
3D distance information input from the 3D distance informa-
tionacquirer 20 to construct a map of level 1 (see “(a)” in FIG.
8A) and stores the map in the database 30a of the storage unit
30. Then, the controller 40 continues to accumulate 3D dis-
tance information input from the 3D distance information
acquirer 20 to construct amap of level 1 (see “(b)” in FIG. 8A)
and stores the map in the database 30a of the storage unit 30.

Here, since two maps of level 1 are present in the database
30a of the storage unit 30, the controller 40 obtains a rigid
body transformation relation between the two maps “(a)” and
“(b)” inFIG. 8 A using the ICP algorithm and matches the two
maps to build a new map of increased level 2 (see “(a')” in
FIG. 8A) and then stores the new map in the database 30a of
the storage unit 30.

Then, the controller 40 accumulates 3D distance informa-
tion input from the 3D distance information acquirer 20 to
construct amap oflevel 1 (see “(c)” in FIG. 8B) and stores the
map in the database 30a of the storage unit 30. Then, the
controller 40 continues to accumulate 3D distance informa-
tion input from the 3D distance information acquirer 20 to
construct a map of level 1 (see “(d)” in FIG. 8B) and stores the
map in the database 30a of the storage unit 30.

Here, since two maps of level 1 are present in the database
30a of the storage unit 30, the controller 40 obtains a rigid
body transformation relation between the two maps “(c)” and
“(d)”in F1G. 8B using the ICP algorithm and matches the two
maps to build a new map of increased level 2 (see “(c')” in
FIG. 8B) and then stores the new map in the database 30a of
the storage unit 30.

After matching of the maps (a) and (b) of level 1 and
matching of the maps (c) and (d) of level 1, two maps of level
2,i.e.,themap “(a')” in FIG. 8 A and the map “(c')” in FIG. 8B,
are present in the database 30a of the storage unit 30. There-
fore, the controller 40 obtains a rigid body transformation
relation between the two maps of level 2 (i.e., the map “(a')”
in FIG. 8A and the map “(c')” in FIG. 8B) using the ICP
algorithm and matches the two maps to build a new map of
increased level 4 (see “(a")” in FIG. 8C) and then stores the
new map in the database 30a of the storage unit 30. Map
building for the set space through the hierarchical map build-
ing method is completed in this manner. Thus, only one final
map “(a")” of FIG. 8C is stored in the database 30a and then
the procedure for the moving robot 10 to build a map for the
set space is terminated.

FIG. 9 illustrates a procedure in which a method to build a
map for a moving robot according to an embodiment is
applied when 3D point cloud data of level 1 is acquired a total
of seven times while the moving robot travels.

For example, if the hierarchical map building method is
applied as described above when 3D point cloud data of level
1 has been acquired a total of 7 times during traveling of the
moving robot 10, a total of three maps (i.e., a map of level 4
built through processes of ®—> , one map of level 2
built through the process of 0, and one map of level 1) are
stored in the database 30a of the storage unit 30 after the
moving robot 10 completes traveling for the set space. That s,
in the case where two or more maps are present in the database
30a ofthe storage unit 30 after the moving robot 10 completes
traveling for the set space, the controller 40 determines that
map building for the set space has not been completed
through the hierarchical map building method and thus
matches the maps in the order in which the maps have been

—

10

15

20

25

30

35

40

45

50

55

60

65

10

generated using the ICP algorithm to build a final map for the
set space. Specifically, the controller 40 matches the map of
level 4, which has been first generated, and the map of level 2
generated next thereto to build a new map and matches the
new map and the map of level 1 which has been input last to
build a final map for the set space.

Another embodiment suggests a method to build a 3D map
for an ambient environment of the moving robot 10 by com-
bining the result of execution of the ICP algorithm during the
procedure, in which a plurality of 3D point cloud data are
matched according to a hierarchical map building method,
with the result of localization (or location) of the moving
robot 10.

The Extended Kalman Filter (EKF)-based Simultaneous
Localization And Map-building (SLAM) technique provides
location estimation information of the moving robot and
covariance which is probability information of location
errors.

A method to build a map for a moving robot according to
another embodiment includes a procedure to combine rigid
body transformation information (x,,,,) calculated through
the ICP algorithm, deviation information (P_,,) of the rigid
body transformation information (x,,,), location change
information (x,,,,,) from the previous location to the current
location calculated from the result of localization of the mov-
ing robot 10, and covariance information (P,,,) of the loca-
tion change information (x,,,,). It may be possible to calcu-
late more correct transformation information (x') by
combining two different pieces of information with uncer-
tainty (i.e., the result of execution of the ICP algorithm and
the result of localization of the moving robot) through the
update process of the EKF using the following Equations 3 to
6.

X=X KX, [Equation 3]

iep— stam]

K=P,_, H'S™, [Equation 4]

where K is a gain of the EKF and H” is a transposed matrix
of H.

S = HPyunH™ + P [Equation 5]
__0n _ [Equation 6]
" O Xsiom
where h=x

icp—xslam

The transformation information x' obtained in this manner
may be directly applied to the method to build a map using the
hierarchy matching scheme according to the embodiment
described above and may also minimize the influence of
errors that occur during localization and execution of the ICP
algorithm, thereby enabling more correct map building.

A method to build a map for a moving robot according to
another embodiment is described below with reference to
FIG. 10.

When the moving robot 10 starts traveling, the controller
40 determines the location of the moving robot 10 using an
EKF based SLAM technique (205). Then, the controller 40
receives 3D distance information from the 3D distance infor-
mation acquirer 20 (210). Thereafter, the controller 40 con-
structs amap (3D point cloud data) oflevel 1 by accumulating
3D distance information input from the 3D distance informa-
tion acquirer 20 based on the coordinate system of the move-
ment start point of the moving robot 10 while the moving
robot 10 travels a preset distance (@), or while the moving
robot 10 travels over a preset area in the set space ((2)), or
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during a preset time in the case where the moving robot 10
travels at a constant speed (@) The controller 40 then stores
the constructed map, together with the result of localization of
the moving robot with respect to the movement start point of
the moving robot 10, in the database 30a (215). Here, the
movement start point indicates the location of the moving
robot 10 when the moving robot 10 starts moving over the
reference range (such as a preset distance) to construct a map
(3D point cloud data) of level 1. 3D point cloud data required
to construct a map, the size level of the map, and the result of
localization of the current movement start point of the moving
robot with respect to the previous movement start point are
stored together in the database 30a.

The controller 40 then determines whether or not two maps
of the same size level are present in the database 30a of the
storage unit 30 (220).

Upon determining that two maps of the same size level are
not present in the database 30q of the storage unit 30 (“NO”
in operation 220), specifically, upon determining that only
one map of the same level size is present in the database 30a,
the controller 40 proceeds to operation 245 to determine
whether or not the moving robot 10 has completed traveling
of the set space (i.e., the space to be mapped).

On the other hand, upon determining that two maps of the
same size level are present in the database 30a of the storage
unit 30 (“YES” in operation 220), the controller 40 performs
the ICP algorithm on the two maps of the same size (225).

The controller 40 then calculates new rigid body transfor-
mation information X' by combining the result of localization
between movement start points of the moving robot 10 and
the result of execution of the ICP algorithm (230).

The controller 40 then matches the two maps having the
same size level to build a new map of an increased size level
using the calculated new rigid body transformation informa-
tionx' (235) and stores the new map in the database 30a (240).

The controller 40 then determines whether or not the mov-
ing robot 10 has completed traveling of the set space (i.e., the
space to be mapped) (245). Here, the user may determine
whether or not the moving robot 10 has completed traveling
of the set space and provide the determination result to the
controller 40 through an input unit (not shown) or the moving
robot 10 itself may determine whether or not the moving
robot 10 has completed traveling of the set space.

Upon determining that the moving robot 10 has not com-
pleted traveling of the set space (“NO” in operation 245), the
controller 40 returns to operation 220 to continue to receive
3D distance information of the set space of the moving robot
10, together with the result of localization between movement
start points, from the 3D distance information acquirer 20
until two maps of the same level are present in the database
30a and to construct a map of level 1 and then to store the map
in the database 30a.

On the other hand, upon determining that the moving robot
10 has completed traveling of the set space (“YES” in opera-
tion 245), the controller 40 determines whether or not two or
more maps are present in the database 30a of the storage unit
30 (250).

Upon determining that two or more maps are not present in
the database 30a (“NO” in operation 250), specifically, upon
determining that only one map is present in the database 30a,
the controller 40 determines that map building for the set
space through the hierarchical map building method has been
completed and that only one final map is present in the data-
base 30a and then terminates the map building procedure.

Upon determining that two or more maps are present in the
database 30a (“YES” in operation 250), map building for the
set space through the hierarchical map building method has
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not been completed and builds a final map for the set space by
sequentially matching the maps in the order, in which the
maps are generated, using the ICP algorithm (255). Specifi-
cally, the controller 40 sequentially matches maps stored in
the database 30a in the order in which the maps are generated
through the sequential map building method to build a final
map for the set space.

The controller 40 then stores the final map for the set space
in the database 30a of the storage unit 30 (260) and then
terminates the map building procedure.

As is apparent from the above description, according to a
moving robot and a method to build a map for the same
according to embodiments, a 3D map for an ambient envi-
ronment of the moving robot is built using a novel hierarchi-
cal matching scheme which matches 3D point cloud datain a
hierarchical fashion and therefore it may be possible to rap-
idly and accurately build a 3D map, compared to the conven-
tional method.

In addition, a 3D map for an ambient environment of the
moving robot is built by combining the result of execution of
the ICP algorithm during the procedure, in which a plurality
of’3D point cloud data are matched according to a hierarchical
map building method, with the result of localization of the
moving robot and therefore it may be possible to build a 3D
map with increased accuracy, compared to the conventional
method.

The embodiments can be implemented in computing hard-
ware and/or software, such as (in a non-limiting example) any
computer that can store, retrieve, process and/or output data
and/or communicate with other computers. For example,
computers can be used to perform various computations and/
oroperations described herein. For example, the controller 40
in FIG. 4 may include a computer to performing calculations
and/or operations. A program/software implementing the
embodiments may be recorded on non-transitory computer-
readable media comprising computer-readable recording
media. Examples of the computer-readable recording media
include a magnetic recording apparatus, an optical disk, a
magneto-optical disk, and/or a semiconductor memory (for
example, RAM, ROM, etc.). Examples of the magnetic
recording apparatus include a hard disk device (HDD), a
flexible disk (FD), and a magnetic tape (MT). Examples of the
optical disk include a DVD (Digital Versatile Disc), a DVD-
RAM, a CD-ROM (Compact Disc-Read Only Memory), and
a CD-R (Recordable)/RW.

Although a few embodiments have been shown and
described, it would be appreciated by those skilled in the art
that changes may be made in these embodiments without
departing from the principles and spirit of the invention, the
scope of which is defined in the claims and their equivalents.

What is claimed is:

1. A method to build a map for a moving robot, the method
comprising: acquiring, by a computer, 3D distance informa-
tion of an object present in a path along which the moving
robot moves; and by at least one computer:

accumulating, by the computer, the acquired 3D distance

information to construct maps, each constituted by
three-dimensional (3D) cloud data, of a specific size
level and storing the maps in a database; hierarchically
matching, by the computer, the maps stored in the data-
base based on the size levels of the maps to build a 3D
map for a set space; and controlling, by the computer, the
moving robot in accordance with the built 3D map.

2. The method according to claim 1, wherein the accumu-
lating the acquired 3D distance information comprises accu-
mulating the 3D distance information based on a coordinate
system of a movement start point of the moving robot while
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the moving robot travels a preset distance, or while the mov-
ing robot travels over a preset area, or during a preset time
when the moving robot travels at a constant speed.

3. The method according to claim 1, wherein the hierarchi-
cally matching comprises:

determining whether or not two maps of equal size level are

present in the database;

matching, upon determining that said two maps of said

equal size level are present in the database, the two maps
using an Iterative Closest Point (ICP) algorithm to build
a new map of an increased size level; and

storing the new map in the database.

4. The method according to claim 3, further comprising:

determining whether or not said two or more maps are

present in the database upon completion of traveling of
the moving robot for the set space; and

matching, upon determining that said two or more maps are

present in the database, said two or more maps using the
ICP algorithm in an order in which said two or more
maps have been generated to build a final map for the set
space.

5. A method to build a map for a moving robot, the method
comprising: localizing, by a computer the moving robot;
acquiring, by the computer, 3D distance information of an
object present in a path along which the moving robot moves;
and by at least one computer, accumulating, by the computer,
the acquired 3D distance information to construct maps, each
constituted by three-dimensional (3D) cloud data, of a spe-
cific size level and storing the maps, together with a result of
the localization of the moving robot, in a database; determin-
ing, by the computer, whether or not two maps of equal size
level are present in the database; and upon determining that
said two maps of said equal level are present in the database,
executing, by the computer an Iterative Closest Point (ICP)
algorithm on said two maps, calculating new rigid body trans-
formation information by combining a result of the localiza-
tion of the moving robot and a result of the execution of the
ICP algorithm, matching, by the computer, said two maps
using the calculated new rigid body transformation informa-
tion to build a new map of an increased level to build a 3D map
for a set space; and controlling, by the computer, the moving
robot in accordance with the built 3D map.

6. The method according to claim 5, further comprising
storing the new map in the database.

7. The method according to claim 5, wherein localization
of the moving robot is performed using Extended Kalman
Filter (EKF)-based Simultaneous Localization And Map-
building (SLAM).

8. The method according to claim 5, wherein the accumu-
lating the acquired 3D distance information comprises accu-
mulating the 3D distance information based on a coordinate
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system of a movement start point of the moving robot while
the moving robot travels a preset distance, or while the mov-
ing robot travels over a preset area, or during a preset time
when the moving robot travels at a constant speed.

9. The method according to claim 6, further comprising:

determining whether or not said two or more maps are

present in the database upon completion of traveling of
the moving robot for the set space; and

matching, upon determining that said two or more maps are

present in the database, said two or more maps using the
ICP algorithm in an order in which said two or more
maps have been generated to build a final map for the set
space.

10. A moving robot comprising: a 3D distance information
acquirer to acquire 3D distance information of an object
present in a path along which the moving robot moves; and a
controller to accumulate the acquired 3D distance informa-
tion to construct maps, each constituted by three-dimensional
(3D) cloud data, of a specific size level and to store the maps
in a database and then to hierarchically match the maps stored
in the database based on the size levels of the maps to build a
3D map for a set space, and to control the moving robot in
accordance with the built 3D map.

11. The moving robot according to claim 10, wherein the
3D distance information acquirer is a Time of Flight (TOF)
camera.

12. The moving robot according to claim 10, wherein the
controller accumulates the 3D distance information based on
a coordinate system of a movement start point of the moving
robot while the moving robot travels a preset distance, or
while the moving robot travels over a preset area, or during a
preset time when the moving robot travels at a constant speed.

13. The moving robot according to claim 10, wherein the
controller

determines whether or not two maps of equal size level are

present in the database,

matches, upon determining that said two maps of said

equal size level are present in the database, the two maps
using an Iterative Closest Point (ICP) algorithm to build
a new map of an increased level, and

stores the new map in the database.

14. The moving robot according to claim 13, wherein the
controller

determines whether or not said two or more maps are

present in the database upon completion of traveling of
the moving robot for the set space, and

matches, upon determining that said two or more maps are

present in the database, the two or more maps using the
ICP algorithm in an order in which the two or more maps
have been generated to build a final map for the set space.
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